The study objectives were to assess the ability of intratracheal injection methods to discriminate between nine ®bre types in respect of pulmonary biopersistence, and to provide approximate estimates of relative biopersistence and durability for a study of general relationships with biological and toxicological responses. The test ®bres included six samples of size-selected ®bre types specially prepared for research purposes, two commercially available ®bres, and amosite. A 1 mg dose of each ®bre type was administered to rats by intratracheal injection. The relative biopersistence of ®bres in dierent size categories was assessed from the changes in mean lung burden, as determined by electron microscopy, at 3 days and 1, 6 and 12 months after injection. The ability of the test materials to resist dissolution was measured in a parallel series of simple in vitro acellular experiments at two pHs and in a continuous¯ow dissolution test. The observed dierences in the persistence of ®bres of diering length recovered from rat lungs were consistent with the current hypothesis that short ®bres are cleared by cellular processes and long ®bres by dissolution and disintegration. Dierences in persistence of long (>20 m mm) ®bres were correlated with measured rates of dissolution in vitro. Dierences in persistence among those ®bre types also studied by others workers were consistent with their ®ndings after inhalation and intratracheal injection. Overall, the dierences in the biopersistences of the test ®bres following intratracheal injection were sucient to enable an examination of the relationship of biopersistence with other biological and toxicological responses. Biopersistence was in¯uenced by both ®bre dimensions and solubility. #
INTRODUCTION
The link between biopersistence of inhaled ®bres and risk of pathological response in the lung is widely accepted (Davis, 1986) , although reliable dose±response relationships have not yet been determined. One diculty is that biopersistence is likely to involve several factors, such as chemical composition and structure, dissolution characteristics, ®bre size and toxicity. Solubility, in particular, has been shown to be important (Davis, 1994; Morris et al., 1995; Eastes and Hadley, 1995; Bernstein et al., 1996; Bellmann et al., 1987; Morgan, 1994) .
The Colt ®bre research programme was set up to examine the relationships between ®bre characteristics and their biological eects in a range of toxicity assays. This implied a need to investigate the biopersistence of the ®bres studied. Ideally, pulmonary biopersistence is measured after inhalation, but such studies are resource intensive, and require relatively large amounts of material for aerosolisation. (Some of the specially prepared ®bre samples were made available to this research programme in quantities sucient only for injection studies).
Biopersistence has also been measured after intratracheal injection (Morris et al., 1995; Bellmann et al., 1994; Muhle and Bellmann, 1995) , which has the advantages of simplicity and a clearly de®ned lung burden at the start of the experiment. In spite of potential inhomogeneity of deposition and clumping of ®bres (Bernstein et al., 1997) , other intratracheal injection studies have successfully shown dierences in biopersistence between some of the ®bre types we wished to study (Bellmann et al., 1994; Muhle and Bellmann, 1995) . We therefore adopted a method of intratracheal injection to investigate biopersistence across a number of ®bre types.
Dissolution may play a key role in the removal of some ®bre types from lung tissue (Davis, 1994; Eastes and Hadley, 1995; Searl, 1994) , and therefore some information about the dissolution behaviour of the test ®bre types was desirable. Although a number of published in vitro dissolution studies have included several of the test ®bres, there are large discrepancies between the dissolution rates measured by dierent laboratories and no published study includes all the test ®bres. Dissolution is a complex and dynamic process, and its quanti®cation presents experimental diculties. For an initial look at the eects of dissolution of all nine test ®bre types in a single experiment, a simple in vitro dissolution assay was devised. Subsequently the dissolution of the seven vitreous ®bres was investigated in a continuous-¯ow-through assay similar to that used by other laboratories (e.g. Potter and Mattson, 1991) .
Quantitative relationships between the indices of biopersistence reported here and the risks of developing tumours in the peritoneum and lung in exposed rats are described in companion papers (Miller et al., 1999a (Miller et al., , 1999b .
OBJECTIVES
The aims of this study were:
. to quantify biopersistence of selected ®bre types, in the lung and in in vitro dissolution experiments; . to examine the in¯uence of ®bre type and dimensions on biopersistence.
MATERIALS AND METHODS

Study design
Intratracheal injection studies of biopersistence require the instillation of known quantities of the test material into the lung via the trachea. Groups of animals are sacri®ced at predetermined time points, and their lung burdens measured. In this study, four time points from three days to 12 months were used, since long-term biopersistence was expected to be an important determinant of biological risk.
A simple closed cell in vitro assay was designed to compare the dissolution rates of the test ®bre types. Sodium oxalate was chosen as a simple salt system to approximate lung¯uid, as both sodium salts and organic acids are important components of thē uids present in the lung. Oxalate was chosen as being less reactive with glass components than other organic acid anions such as citrate. The dissolution rate of most of the test ®bres was also measured in six week continuous¯ow through (CFT) experiments using experimental apparatus similar to that described by Potter and Mattson (1991) and Kanapilly's¯uid as a simulated physiological saline. Silicon carbide and amosite were not included in these experiments because their rate of dissolution was expected to be immeasurably small.
Test ®bres
The test ®bres included 7 man-made vitreous silicate ®bres with a range of chemical compositions (Table 1) . Six of these were specially size selected samples intended for research purposes MMVF 10 (insulation glass wool), MMVF 21 (rock or stone wool), MMVF 22 (slag wool), RCF 1, RCF 2, RCF 4 (refractory ceramic ®bres); one was a commercially available special purpose glass micro®bre 100/475. RCF 4 is a heat treated form of RCF 1 which is probably composed of ®nely crystalline mullite, cristobalite and other minerals (Brown et al., 1992) . Other test ®bres were the amphibole asbestos mineral, amosite ((Fe,Mg) 7 Si 8 O 22 (OH) 2 ), and whiskers of silicon carbide (SiC). The silicon carbide whiskers are semi-crystalline and typically have small hooks at one end and/or buds along their length. About 40% of the particles comprise two or more fully developed, bonded, whiskers.
The test ®bres are representative of those used in a wide variety of applications. Glass wools, rock wools and slag wools are used for commercial and residential insulation, acoustic panels and as a horticultural growing medium. Glass wools are also used in ceiling panels and in air handling ducts and rock and slag wool are used for ®re protection. The refractory ceramic ®bres are used for high temperature insulation, gaskets and joints and ®ltration. The 100/475 micro®bres are used for battery separators and ®ltration. Silicon carbide has a specialised use in high temperature composites. The glass, rock and slag wools tested are single examples of ®bre types, and a wide range of similar products are commercially available, but with varying chemical compositions.
The glass micro®bre 100/475 (Manville Insulation) was obtained from the Mountain Technical Centre, Schuller International Inc., Littleton, Colorado, USA. The other man made vitreous ®bres (MMVFs 10, 21, 22, RCFs 1, 2 and 4) were obtained from the Thermal Insulation Manufacturers Association (TIMA) repository of size selected ®bres. The amosite was from a consignment of commercial amosite which produces a dust aerosol containing a signi®-cant proportion of ®bres longer than 20 mm . The silicon carbide whiskers were obtained from the Advanced Composite Materials Corporation, Greer, S. Carolina, USA.
Fibre preparation
The MMVFs and RCFs were supplied from the TIMA repository as respirable ®bres and were not subjected to any additional processing. The silicon carbide was also supplied as a ®ne powder comprising whiskers that were entirely within the respirable size range. Respirable samples of the 100/475 micro®bre and amosite were collected from aerosols (Beckett, 1975) .
Characterization of test ®bres
The dimensions of the injected ®bres and those subsequently recovered from lung digests were determined using electron microscopy. Known masses of each of the test ®bres were deposited from aqueous suspension on to polycarbonate ®lters. It was necessary to add a small amount of Teepol to the suspensions of RCF 2 and RCF 4 in order to disperse these ®bres in water prior to ®ltration. Fibre measurements were made with two scanning electron microscopes (SEMs), a Hitachi S520 SEM and a Cambridge S250 MkII SEM at a magni®cation of Â5000, following a modi®ed version of the WHO± EURO method of SEM ®bre analysis (WHO, 1985) . Fibres were de®ned as having a length:diameter (aspect) ratio >3:1 and a length >0.4 mm. Fibre dimensions were measured to the nearest 0.1 mm. The data recorded for each ®bre were ®eld number, length, diameter (maximum), and number of ends in the ®eld. The length of complex silicon carbide whiskers was de®ned as the total length of the entity, parallel to the longest component whisker (as viewed in 2 dimensions), while the diameter was that of the thickest component whisker.
The speci®c surface areas of ®bre types tested in the continuous¯ow through dissolution assay (below) were measured using nitrogen gas adsorption (BET).
Administration of test ®bres
Samples of respirable ®bre were weighed and suspended in sterile saline to give a concentration of 2 mg per ml. These were ultrasonicated for about 1 minute to break up any clumps of ®bre and immediately prior to injection the suspensions were mixed by rapidly inverting the tube three or four times by hand. For each of the nine ®bre types, 16 speci®c pathogen free male Wistar rats were randomly selected. Under¯uothane anaethesia, a small area of the trachea was exposed by cutting the overlying skin and muscle. A small incision was made in the trachea and the test ®bres, suspended in 0.5 ml saline, were instilled into the deep lung using a syringe connected to a blunt-ended cannula.
Measurement of lung ®bre burden
The animals were sacri®ced by CO 2 suocation in batches of four, at three days, one month, six months and twelve months after injection. The lungs were dissected free of surrounding tissue including lymph nodes, ®nely chopped and treated with a series of ether:ethanol mixes to remove excess fat. The lung ®bre burdens were recovered by either bleach digestion (5% NaOCl: Sebastien et al., 1989) for ®bres which survived a 24 hour treatment in bleach with minimal change in mass and mean ®bre dimensions (amosite, code 100/475 glass ®bres, silicon carbide, MMVF 21, RCF 1 and RCF 2) or by plasma ashing (Bolton et al., 1983 ) (MMVFs 10 and 22, RCF 4) using an Applied Vacuum Technology solid state plasma chemistry unit. The bleach used was the UK Co-operative Society's own label retail bleach. Filters for EM analysis were prepared from measured aliquots of the bleach digests or from measured aliquots of the ashed lung suspended in ®ltered water. The bleach digests were ultrasonicated for 10 minutes which was sucient to disaggregate all but a few small clumps of ®bres. The ash suspensions required a longer ultrasonication treatment and 20 minutes was found to be sucient to disaggregate most clumps.
The numbers and dimensions of recovered ®bres for each lung sample were measured using the SEM, as described above for the original ®bre samples. At least one hundred ®bres were sized for each animal, and pooled size distributions for groups of animals were based on measuring the dimensions of between 300 and 650 ®bres. The groups included four animals each, except for amosite and RCF 2 at 3 days, MMVF 21 at 1 month and RCF 1 at 12 months, which included only three animals each.
Sodium oxalate in vitro dissolution assay
Solutions of sodium oxalate were prepared by adding 2 M sodium hydroxide (Analar grade) to oxalic acid (Aristar grade) dissolved in ®ltered, double-distilled, deionised water. The initial pHs of the sodium oxalate solutions were set through controlled addition of the sodium hydroxide at pH 4.6 to represent approximately the intracellular environment (within phagolysomes) and pH 7.0 to represent approximately the extracellular environment.
Weighed 100 mg samples of each of the test ®bres with were incubated with 250 ml of sodium oxalate solution at pH 4.6 and further samples were incubated with 250 ml sodium oxalate solution at pH 7. At 14, 28 and 56 days after the start of the experiment, 20 ml samples of the supernatant were removed from each¯ask and analysed for dissolved silicon. The pH of the test solutions was also monitored. The silicon contents were determined usinḡ ame atomic absorption spectroscopy with a nitrous oxide acetylene¯ame (Thermo-electron video 22; Warrington, UK). Calibration solutions were prepared using the same oxalate and oxalic acid solutions as used for the dissolution experiments. The percentage of silicon leached from ®bres was calculated from the known composition of each ®bre and the measured concentration of silicon in the supernatants (corrected to allow for the progressive reduction in solution volume as aliquots were removed for analysis).
Continuous¯ow through in vitro dissolution assay
The test protocol was based on that used by Potter and Mattson (1991) . A simulated physiological saline (Table 2) believed to be representative of extracellular lung¯uid was prepared using distilled waters and buered to a pH of 7.4 using carbon dioxide. This¯uid was pumped through weighed samples of each ®bre type over a period of 42 days. Samples of the¯uid which had passed through each test cell were collected at eight time points (1, 4, 7, 14, 21, 28, 35, 42 days) . The silicon contents of these samples were determined using inductively-coupled plasma atomic emission spectroscopy (ICP.AES). Calibration solutions were prepared using Kanapilly's¯uid that had been passed through blank experimental cells.
Statistical methods
For each SEM ®lter, the number of ®elds and the number and size of ®bres counted were used, together with the known aliquot fraction, to produce estimates per lung of ®bre volume burdens and ®bre number burdens in each of ®ve ®bre length classes: <5, 5±10, 10±15, 15±20 and >20 mm. Fibre persistence rates during the 12 months post-instillation were estimated by ®tting ®rst-order exponential decay functions to ®bre number burdens in each length class separately. These functions were ®tted using simple linear regression of the log-transformed burdens, weighted by the number of SEM ®lters counted per lung. The estimated rate coecients and standard errors were transformed to provide estimates and 95% con®dence intervals of the persistence of ®bres in each length class in the lungs of rats after instillation. For the analyses relating ®bre characteristics to their in vivo toxicity, it was required to calculate additional biopersistence rate coecients for cumulative length classes (Miller et al., 1999a (Miller et al., , 1999b . At each time point, the ®bre numbers were totalled in cumulative length classes and exponential regressions were ®tted as described above.
In vitro dissolution rates were estimated from the silicon concentrations in samples collected over 42 days from test cells in the CFT dissolution assay. This analysis assumed that the rate of dissolution was proportional to the reaction surface area:
where M is the mass of ®bre remaining at time t, A is the reaction surface area, and k dis is the dissolution rate constant, expressed in units of ng cm
. Dissolution rate constants were estimated for each test cell using non-linear regression, assuming uniform initial ®bre diameter. Dissolution constants were estimated for each ®bre type by averaging estimates across test cells containing ®bres of the same type and weighting by their variance. To account for dierences in reaction surface area among samples of equal mass of each ®bre type, the dissolution constants, k dis , were re-expressed in terms of mass lost per initial sample mass per hour, using the estimates of speci®c surface area provided by BET, and labelled in what follows as adjusted k dis .
RESULTS
Initial lung burden
The mean lung burden across animals sacri®ced at 3 days (Table 3) ranged from 3.8Â10 6 (RCF 2) to 2.5 Â 10 9 (code 100/475 glass micro®bre). The injected amosite and 100/475 micro®bre contained greater proportions of short ®bres (Table 4) than the other ®bre types. These ®bres were also thinner in diameter (Table 5 ). The bivariate size distri- butions of ®bres recovered from lungs 3 days after injection and ®bres from the administered aqueous suspensions were not signi®cantly dierent. These size distributions of ®bres sampled from the TIMA repository were broadly similar to those reported in other studies (Hesterberg et al., 1993) .
The estimated retained lung burdens for each batch of four animals for any ®bre type showed a large degree of inter-animal variation after 3 days recovery (greater than 100% of the mean burden for some ®bres). In comparison, the dierences between repeat counts on single ®lters by individual or dierent analysts or between counts on replicate ®lters from the same digest were largely within 20% of the mean of the analyses for a single lung and all were within 40% of the mean (the normal criteria for acceptability for occupational hygiene measurements of ®bres in workplace air). Therefore most of the variation in lung burdens at any speci®c time post instillation was due to inter-animal dierences.
Clearance over 12 months
Comparison of mean lung burdens at 3 days recovery and after 12 months (all ®bres longer than 0.4 mm) showed large dierences between ®bres types in the persistence of ®bres after instillation Table 3 . The ratio of ®bre number burdens at 12 months relative to those at 3 days ranged from 7% for amosite, to 80% for RCF 4. The two ®bre types with the highest proportion of short ®bres administered, amosite and Code 100/475 showed the greatest relative reduction in ®bre numbers over 12 months.
The trends in persistence rates with ®bre length diered among the ®bre types. Fig. 1 shows the estimated length-speci®c persistences over 12 months of each ®bre type based on the ®tted ®rst-order exponential decay models. For amosite and RCF 2, persistence increased with increasing ®bre length, and there was no evidence for any clearance of ®bres within the longest length class (>20 mm). The same was true for RCF 4, but, in comparison, this ®bre type exhibited greater persistence of short ®bres. For MMVF 10 and MMVF 22, persistence decreased with increasing length class, and the persistence of ®bres >20 mm, estimated to be less than 5%, was signi®cantly lower than for the other ®bre types. For Code 100/475, SiC, MMVF 21 and RCF 1, there was no evidence of a dierence in length-speci®c persistence rates although, overall among these four ®bre types, persistence was lowest for Code 100/475 (weighted average 17%), and greatest for SiC (weighted average 53%).
Changes in ®bre diameter
The diameter distributions of injected ®bres were modi®ed to varying degrees over 12 months residence in lungs. The mean diameters of MMVF 10 and MMVF 22 ®bres of all lengths (>0.4 mm) recovered from lungs after 12 months were reduced relative to those measured after 3 days Table 5 . This re¯ected a large reduction in the number of thick ®bres recovered, coupled with a slight increase in the number of ®ne ®bres recovered (i.e. diameter <0.25 mm). No ®bres with diameters less than 0.15 mm were observed for these two ®bre types at any recovery time. There were little or no changes in mean diameter among the other ®bre types. Of ®bres longer than 20 mm, there was a substantial decrease in mean diameter for MMVF 10, and smaller decreases for both code 100/475 and RCF 2. There was a statistically signi®cant increase in the mean diameter of long ®bres of MMVF 21, presumably as a result of the disappearance of thinner ®bres from this length category.
The ratio of complex silicon carbide whiskers, i.e. those composed of more than one ®brous component, to single silicon carbide whiskers, did not appear to change after 12 months in the lung (data not shown).
Comparison of in vitro dissolution assays
The removal of silica is a measure of the breakdown of the glass network for the vitreous ®bres. The degree of silica leaching in the sodium oxalate assay was greatest for MMVFs 10 and 22, and least for silicon carbide and the RCFs (Table 6 ). The amount of silica leached did not appear to be dependent on the initial pH, although noticeably more silica was leached from MMVF 10 at pH 4.6 (31%) than at pH 7.0 (15%). The pH of the test solutions for most of the ®bre types changed little over the 56 day period of the experiment, but there was a marked increase in the pH for MMVFs 10 and 22, the fastest-dissolving ®bres. The dissolution constants estimated from the CFT experiments showed that MMVFs 10, 21 and 22 dissolved at a more rapid rate, per unit surface area, than the RCFs and Code 100/475 Table 6 . After adjustment to take account of the dierent Table 4 . Length distribution of ®bres recovered at 3 days (3 d), 1 month (1 m), 6 months (6 m) and 12 months (12 m) after instillation, expressed as mean number of ®bres per lung (millions). speci®c surface areas of the ®bre types, Code 100/ 475, which on average consisted of much thinner ®bres than either the MMVFs or RCFs, and therefore a much greater speci®c surface area Table 6 , showed greater dissolution per unit initial mass than MMVF 21. Otherwise, the rank ordering of dissolution constants remained the same as that based on the unadjusted estimates. Fig. 2 shows a comparison of the dissolution behaviour of the ®bres types as measured by the sodium oxalate and CFT assays. To allow a valid comparison of measured quantities, the dissolution constant adjusted for speci®c surface area was used, and converted to predict the per unit mass dissolution over 56 days. There was clear evidence of correlation between measurements of amount of silica dissolved from the two types of dissolution assay, although the CFT estimates were generally higher than those observed for sodium oxalate. The rank correlation between measurements from the two assays was 0.96 for both the pH 4.6 and pH 7 sodium oxalate solutions, both signi®cant at the 5% level. The only dierence in rank ordering between the two types of assay was that in the CFT experiment, MMVF 10 dissolved most rapidly, whereas in sodium oxalate, it was MMVF 22 that dissolved most rapidly.
Comparison of in vitro dissolution and in vivo biopersistence The dissolution rate constants estimated from the CFT assay were compared to the rates of persistence of ®bres in vivo in each of the ®ve length classes. The rank correlations between the adjusted dissolution constants and the rate of persistence over 12 months shown in Fig. 1 showed a clear relationship with length class. Rank correlation was lowest, and not statistically signi®cant, for ®bres <5 mm (r=0.04), and higher, but still not signi®cant for length class 5±10 mm (r=À0.57). This lack of correlation for the shortest ®bres suggests that the removal of these short ®bres is primarily due to clearance by macrophages. In contrast, Fig. 3 shows the adjusted k dis constants plotted against the persistence rates of the longest ®bres (>20 mm), which suggested that there was an association between in vitro measures of dissolution and the disappearance of the longest ®bres in vivo. The rank correlations for all length classes >10 mm, were all r=À0.96, signi®cant at the 5% level. This association between dissolution and persistence was supported by the two most soluble ®bre types, MMVF 10 and MMVF 22, also showing the greatest reductions in mean ®bre diameter over 12 months Table 5 .
Since the results of the two dissolution assays were themselves highly correlated, there was high rank correlation between the amount of silica leached in sodium oxalate and the persistence of the longest ®bres over 12 months in vivo (r=À0.80 including all nine ®bre types).
DISCUSSION
The purpose of these investigations was to provide comparable estimates of the biopersistence of a range of ®bre types, for the study of general relationships with other biological and toxicological responses. The present results show that, in spite of inter-animal variation, the intratracheal injection test can provide information on biopersistence, which allows discrimination between the behaviours of dierent ®bre types.
The observed dierences in biopersistence between long and short ®bres, and the relations of persistence of long ®bres with their dissolution characteristics, are consistent with current understanding that clearance of short ®bres is primarily by macrophages, and of long ®bres by dissolution and disintegration (Morgan et al., 1982; Davis, 1994; Morris et al., 1995; Eastes and Hadley, 1995; Bernstein et al., 1996) .
The ranking of the test ®bre types with respect to the durability of the long ®bres in lung tissue is also largely consistent with available published in vitro dissolution data (Eastes and Hadley, 1995; Searl, 1994; Christensen et al., 1994; Bauer et al., 1994; Scholze and Conradt, 1987; Potter and Mattson, 1991) and with what would be expected from the chemistry and structure of the test materials (Searl, 1994) . The diameter data for MMVF 10 is consistent with diameter reduction through dissolution. Additionally, for this ®bre type, the relatively high estimated retention of short ®bres (compared with long ®bres of the same type or short ®bres of other types) is consistent with the creation of additional short ®bres through the disintegration of longer ®bres (Searl, 1994) . Fibre disintegration has also been demonstrated for a range of vitreous ®bres in several recent inhalation studies (Hesterberg et al., 1995; Tran et al., 1996) .
Only limited comparisons of the persistence estimates with other published results are possible, because only some relatively recent reports present persistence estimates for long ®bres separately. Other dierences which limit comparisons are: in inhalation studies the lung burden at the start of the recovery phase necessarily includes many ®bres which have already been in residence in the lung for long periods; and injection studies can introduce ®bres which are too thick to be rat respirable (though still possibly human respirable). Other intratracheal studies have also shown very limited clearance of long ®bres of asbestos (crocidolite), relative to that observed for long MMVF 21 ®bres (Bellmann et al., 1994; Bellmann et al., 1995) . Inhalation studies generally demonstrate similar relativities where comparisons between ®bres have been made (Eastes and Hadley, 1995; McConnell et al., 1997; Mast et al., 1995) .
From the volumes of the initial lung burdens Table 3 , it would be expected (Morrow, 1988 ) that the doses given in this study might have induced a degree of impairment of macrophage clearance through overload (Bolton et al., 1983; Tran et al., 1996) . This might have increased slightly the persistence of short but not of long ®bres, but the volumes were not large enough to produce a severe eect.
Since the experimental programme was originally devised there has been a growing consensus that the best method for measurement of the relative in vitro durability of ®bres is to use a modi®ed form of Gamble's solution in a continuous¯ow through experiment (Sebastien et al., 1994) . Our more recent CFT measurements of dissolution rates for these ®bres, however, suggest that the simple sodium oxalate assay was almost equally eective at distinguishing between ®bres that dissolve readily and those that are relatively insoluble. As such, it is a simple low cost method for screening ®brous materials and semi-quantitatively assessing their relative in vitro durability. One potential limitation of the sodium oxalate assay is shown by the data for rockwool. Rockwool would be expected to dissolve more rapidly under acid rather than neutral pH conditions . The observed slightly greater dissolution of rockwool at neutral pH re¯ects the formation of cation±oxalate complexes with pH dependent stabilities. Similar problems would be expected to arise with other simple unbuered salt systems.
